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SEHICON^TOR DEVICE COMPRISING DEUTERIUM ATOMS 

BACKGROUND OF THE INVENTION 

. . „ rplateS to silicon-based 
The present invention relates t. 

devi ce elements on an integrated ^ act 

used to control leakage currents in D unction a 
as stable gate oxides in field effect devices, 
as staDie g ,„^ 01 . device elements rely on high 

Manv semiconductor device exe 

aevic .s. « i, y er ana the ^It, W the 

devices is limltea 

interface it provides with accent sur J*J£ 
.wices the problematic interfaces include the gate 
r^sLllv Silicon ,-gate ^^Z. 
wen as the gate oxide-semcond ino orporated 
Els stteatcs (1990, 31:147-167. rp 

unst eble threshold voltages in MOS devices. ~ 

^ct^s, high ^^^--r^c,! 

carrier degradation, high sensitivity to a i 



PCT/US94/01669 

WO 94/19829 

2 

h Ik oxide. The increased number of 

also contributes to the dens ities become too 

becomes impractical. quality silicon 

dioxide » its ability t__ ^ ^ aanqUng Mnas _ In 
of siUcon by W M* 6hould provide good 

Edition, hi* eilic ^ ^ 

control over xnterf ace trap ^ ^ ^ 

unfortunately. ^ ~ ""J* ~ slUco n-oxide interfaces, 
number of dangling bonds at « OOBpl eted by annealing 

so»e of these bonds can be c p o£ 

the oxidized silicon wafer in "^ettaes 

hy drogen and nitroge, . « exa, „ ^ to 

boated in hydrogen at « PP . ntet£ace , ^s 

£ or« silicon-hydrogen <S ^ - & detailed 

reducing tb. plays in failure »echanis»s 
discussion of the role * n M0 dels and 

is provided in the review by <=•*• spiifcSSate. 
— - ^r^-- Piously incorporated by 

? ionrrnnlCS (1990) ii'" 
25 reference. introduced unintentionally by 

— .rr^h-^o — nd 

.11 of these P= -~ - ^ o£ ^ sourcas of 

si -OH bonds. on sili00 „ i5 provided in ~ 

hy drogen in silica fil» ^ is 

I^ 1r - r --|-"- soc- (19") J— purposes, 
incorporated herein by "™°°"J™J^ L for» of water 
se»e hydrogen is "*»^ ^conductor 

present -^^1^—- — - 
devices, m wet ^ 
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IXy isolation oxides, 
purposely employed to form j*^^ R someWha t porous 
These processes are of ^ reac tion of silicon 

oxid e film- ***** some *hat complex and 

with water vapor to*** £ prijiciples , Silicon 

5 described in S. & SonS (1983), chpr. 7, 

and Gallium Arsenide, John wy for all purposes, 

which is incorporated herein y ^ may be 

Higher quality gate oxi ^ purposely 

formed hy a oxygen ^^^^ water is usually 

*ven so, some contaw r ._ oH bonds . 

present, resulting in the format^ ^ ^ ^ 

L example, a commonly ^ wafer SU rface) 

employs trichloroethane at 90001 

according to the following reaction. 

, + 190 - « HC1 + 6 Cl 2 + 6H 2 0 + 16 C0 2 
8C 2 H 3 C1 3 + 19°2 

„ n , r , b i e conditions as 
„„, cbioride 9 as reacts under conparabi 

20 follows: 

As S een, these -^^J^ * 

Hydrogen can also he intro ^ cleaning with 

polysilicon from SiH 4 ^^^^ hydrochloric acid, 

hydrogen-containing agents _ Fin ally, 

and sulfuric acid can — ce , ^ ambient 

oxidation of silicon surface y hydroge n. 

silicon/silica interface. Onfor ^ „ sl . ow 

bonds (as - «°« tbe oxide iayer. 

»e weeKer then Si-° of siiicon dengim, 

burin, eiectricai ««^.* lHI and E i-0H .cede breaK and 
bonding is increased because 
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•=r«»c-ies migrate away. 
th e rating hydroge, .specie ^ ^ ^ eleotrons 

one source of sue* s(OTount ^ barrier 
having energies over 3.2eV » „ not » electrons 

te tween silicon and ""^^ in the silica 

(or the resulting holes) «" yarogen ,„d silicon-OH 

iayer and brea* some °* ^ aioxlde interface. Hot 

bonds at the silicon and avalanche 
electrons are especially P»va^t ^ ^ ^^g 

breakdown of a P-» ^ ^ „ ot eleotr ons can 

- rri " haS , * 7Z le'chlnne'l'iegion of MOS transistors, 
also be produced in the ^hold voltage, 

resulting in a change in the ^ ^ 

Higher guality sill gi _ H bonds ^ 

r edu=ed numbers of dangli* .and/ BeBioo „du=tor 
needed to improve o£ £a hricating such 

devices. A concomitant needefl . 
silicon dioxide layers is lUcewi 

—» 0F „ et hod in whicn a 

«» present invention ^^"^ining 
silicon wafer is connoted a Renter ^ ^ ^ 
serial to for. Si-D ands^o ^ ^ 

Xayer and on a silicon surface ^ 
silicon dioxide layer •Wica t mention 

suitabie for "-^^oxides. and various other 
include isolation oxides g con4uctor devices, 

oxide layers co-only used « or a de „«riUB- 

.ccording to ^ ^Z'JZ ^o the device by, for 
containing material is cont aining atmosphere, 

example, annealing COTpo und such as 0 2 0, P 2 S0 a . 

and/or cleaning with * oontalni ng ferial used 

and DC1. m ^neral, anyhy ^ responding 

in VLSI fabrication can be repla 

deuterium containing mater ial. ^ ln ^ 

The stability y eneray of the Si-H and 

— n ^"rbneP-ing the hydrogen atoms 
Si-OH bonds is 
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. _ « The Si-D «nd Si-OD bonds thus formed 
with deutenu. ■ ™ „ g bo „ as that are !ess 

provide completed silicon * . lectrio al stresses, 
likely to breaK .hen exposed to ^ ^ 

T herefore. the deuter ana reliability, 
mention proved invention , ^sx 

£ ebrication"flo»s employ ^1^^^!^" 
.any or all of the ^"~ tl °" ^J^pound. Thus. 
..ploy hydro, - - ^- rrstlp is perked with 
for mm— - — waterf an anneaixng ^ - 

heavy water rather than norm & drogen 

■conducted in a « * 

atmosphere, a polysxlxcon chemxcal jap 

performed with preferably 

Devxces of thx xnven ^ wlth 

substantial numbers of Sx H a / represent a very 

Si -D and/or Si-OD bonds. DeUte " ocCurrin g hydrogen. 

sma ll fraction of the *~ ^ ratio of 

in preferred embodiments of thxs substantially 
ueuterated to hydrogenated *^J«£££ of deuterium 

at oms m -^^rsi-OH bonds in the oxide and oxxde- 
Si-OD bond to Sx H plu 95s5 . 
silicon interfaces wxll be greate ^ 
A further understandxng of the 

vantages of the J££~ ^ specification and 

reference to the remaxnxng portxons 
the attached drawing. 

. n-siUcon 
dio.de Jerfa— /some desirable features of the 
present invent xon- 

„ frtuTj" c:pt?cIFIC EMBODIMENTS 
r>TrcirRTPTION OF THE SPECiux*- 
DESCRiri ^« v ides a method for 

«. present invention provides 

producing semiconductor devices in 
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containing bonds. Specrti ,„ laced with Si-OD bonds. 
S1 . D bond, and Si-OH bonds «e P ^ ^ ^ to 
Because the deuterru. ""?™J Btresses , devices prepared 
5 weak on exposure to ele vantages over 

according to this mvent ^» have nore st able 

conventional devices. For ex P oontrol 

oate threshoid ^ » "^T.^-.. 

„ ver ieaKage currents » ^ ls 

^ "^Preselt invention by contacting a 

^cosmlished in the present ,_.._.,,„„ containing 

^licon wafer with deuterium or a ^ ^^.^ a device 
compound before, expressi on "deuterium" 

oxide layer. As used h deuteriU m in a 

refers to materials that inclu level . ThU s, 

concentration above its a*""** aS a gaseous mixture of 
f or example, pure gaseous D 2 - ^ „ In fact , any 

50% H 2 and 50* 0 2 ^^^^ a ratio of D 2 to H 2 
artificial gaseous constitutes "deuterium" 

above the concentration of 

as used herein. The na Qf hydrogen . 

deuterium is about containing compound" is 

tended ^^^TZ-^^ 

compounds in a — ^-v ^ ^ ^ ^ a 

le vel. Thus, a solution o Likewise , compositions 

deuterium containing lldeuteriuffl containing 

containing DCl f D 2 S0 4 , SoD 4 « ^ containin g compounds are 

compounds" so long as the deuteri ^ ^ 

prcsent at a concentration greater 

occurring deuterium in hydrogen. ^ 

Referring now to Fig. . 1&yer 12 is 

b etween a silicon layer 10 and ^ ^ ^ for 
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v or other fault. Ideally, all 
occasional oxygen vacancy or ^ ^ Qxygen aton 

sili con atoms at the *^ f ~* For examp ie, at 

asso ciated with the „ ^ surfaC e of the 

positions 8 and 22, si ^ are 

silicon layer are bonded ^ all sur£aoe 

incorporated into sio 4 t*«£*»- layer . ro r example. 

silicon atoms are .ended vrtn tn o* ^ 

at positions . and «■ ar e undesired because 

with dan^lin, .ends- tfith uncompleted 

of the exui.c ~ oxide layer oxyy«' 

sili con bonds. Kt P"**°»V £ incorp orated into two Si0 4 
nearest to the silicon surface - ^ ^ ^ ^ ^ 

tetrahedra, while at P-^V^. and bo nded to one 
incorporated into one Sx0 4 tetr 

deuterium atom. interface have completed 

Some silicon atoms at t a of the 

b onds with species other than^ - inc iude Si-H and Si- 

bu lfc oxide. These l nd 24, respectively- As 

OH groups shown at posxt ^ ^ hydrogen or 

noted, these bonds result fr °» device fabrication 

hyd rogen containing compounds dur * inte ntionally 
steP s. some of the. -y ^^^^ silicon bonds. 
by hydrogen annealxng to sa itionS 2 and 18 are 

Th e bonding arrangements ^ fchese posi tions, 

f avored for the *^ »~ ^ ha ve dangling bonds are 
silicon atoms that wou Id _ Q Tnese bon ds are less 

saturated by coupling wxth " fco brealc when 

likely than their hydrogen counterpa 

subjected to electrical ^es- levels of 

As shown below the zer P ^ correspo ndxng 

deuterium containing need a greater 

hyd rogen containing -em. 
thermodynamic drivxng force 



si _ H - 71.5 Kcal/mole 
<£ H - 102.2 Kcal/mole 



qi _ D - 72.3 Kcal/mole, 
J£ D - 104.3 Kcal/mole. 



(SM . — o £ cnemist, and W sics. ^edition. 
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s corporation. Boca Raton. Florida, P 
1983-1984; CRC Press Incorp 

F176-179.) isotope effect in the 

^ containing bonds 

chemical ~ actl ° n * ~ qU ^ e correS ponding hydrogen containxng 
bre ak more slowly chenical actions involving 

bonds. The rat ^ COnSt ^ t aining nolecu ies (Kd) is seller 
important <«*«"^££ ^ ^ ^ 

than for hydrogen-containing 

Kd/Kh = 0.75 - 0.85 for tr iphenylsilane , 
Kd/S = S I for chloroform, 
S/S = 0.5 for chlorxde. 

_ Effects on Reaction Rates, The 
(Bee, L. Melander, Isotope Effe ^ 
Ronald Press Company, N.Y., x* 

herein by reference for all of 0 (i . e . 

In additxon, the xonxc ^P ^itude than the 

nor- hv about an oraer oi » y 
[D + ][0D-]) i= sroaller _ „ 0 Thus , fewer reactive 

corresponding ionic product of H 2 ^ ^ ^ By 

ions are present in hea ^ ™ water in processing steps 

replacing normal "^J^ cleaning, the potential 
such as thermal oxxde formation a ^ decreased . The 

for chemical reaction on oxxde ^ ^ 

ion product constant of D 2 0 x ^ Isotope Effects 

product constant for H 2 c > xs - ^ s> Barffian , 

i„ chemical Reactxons, Edited y ^.^ . g 

Van Kostrand a ll purposes), 

incorporated herexn be imple mented 

The present xnventxon e A typical 

throughout the VLSI ^^^^ various do ping, etching, 
fabrication procedure wxll xncl ^ and oxida tion 

annealing, or a hydrogen 

steps, in each deute rium or a deuterium 

containing compound is empl y ^ ^ This 1S 

containing compound can be fabrication st eps in which a 

particularly important xn ^ The 

permanent oxide layer is bex g for examp i e , by 

me thod of this inventxon can be imp 
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J by placing BC1 and/ ° r H2 ° 

annealing in » 2 »^ °* ni 7g. or by using deuterium 

containing compounds during 

form polysilicon Q r .euterium containing 

Preferably, deuteri ^ ^ (£<>r ^ 

compounds having a mole fracti £aMioatlo n steps, 

aauterated versions) are employ OOBpottn ds may 

However, lower concentration ^ . longe r reacts or 

„. employed, out generally reg^ perce „t»ge 
c7ntact time to ensure aeu «rated bonds are 

of si . D and/or Si-OD ™£~****> counterparts, 
» or e stable than their ^ CTa ted hounds during 

they ultimately supplant compounds. 

„«,„-e to deuterium containing pre sent 
lon g e^osure^ atmospher^of * ^ ^ 

i^ntion includes a -^"^ than ahout 
L>»t 0.90, and more pref erably gr ling atmosphere 

^ially P^erred --^^ greater than about 
includes a deuterium ^j,, atmosphere is 

0 . 99 . The deuterium o£ about S00-C and a 

pref erably Prided at atempera onditlo ns are 

Pressure of about « 10 to 20 minutes, of 

^jrSSS cations «iU be apparent to 
course, 0 ^ uc . , 

.nose of s*ill in «- siUco n wafers, some molecules 

During cleaning of ^ aevlce 

of .he cleaning agent are "Eludes hydrogen in its 
structure. « ^ "^i-H and si-OB bonds form- To 
molecular structure some si ^ ^ 

>""° te "^ail, ^nl" - — ^Tontrpreferably 
hydrogen containing Ben t invention are p 

fa hricated -^^nLining compound Thus 
cleaned with a deuterium , uae D 0, D 2 S0 4 , CBC1 3 , 

preferred cleaning hyd rogen 
0C1. Of course, ^ with the corresponding 

—ing "^^pound. 
deuterium containing 
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Bet thermal oxidation of the silicon wafer can be 

conducted using heavy ^ r — 

conducted by bubbling a carrier ga ^ 

~ - Tr^rr^Toot ana 

heavy water .ill be vapori ^ an oxi(Je 

layer is formed, in s passe cl through a 

methods. — *- - ^ » t^t is ^ to proauce 

T nim 1 e^lTmethod. — <* the deuterium 

oxide film* ln e**-" & , , , *,„ a s i i icon 

"■" , heaw water will bona wira 

atoms from the heavy wat pref erred than Si-O 

atoms. Although such bonds are le ^P sifle 
fconds with the bulk oxide Becausc heavy - 

Tor r 1 "^: ^. - 

" ^"rtL ild With deuterium or deuterium ox.de 

— The use of iTSi of 

during chemical vapor ^^.^L^.. I, 
20 hydrogen in normal ^SSTr^ — 

r^Ti of Si-H — Iton " 

with the corresponding deuterium analogs ^ ^ 

» <""— eleCtr ° nl ° ^creased number of Si-OD 
«. above processes ^ ^ formed 

- Si " D ^ ^ °r" S The region! where the deuterated 
conventional processes. The reg 

bonds provide the greats* ^ c(m _ sillc on dioxide 
performance is at the mterr ^ invention 

layers. Thus, the jj^^ pl »s Sl-D bonds 

have at this interface a ^ ^ 

W t Si ^ ^1 ^ ^deuterium to hydrogen, similar 
35 ratio of naturally the devices . 

ratios will be found in the ^ 1:6Q00 

Thus, the ratio will be substantially gr 
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aeuterated to ^^nts, the ratio c, 

wlk o*ide. in P« £erI ~ Mmis will be *«* t<sr 

aeuterated to hydrogenated ^odtaents, greater 

^an ..out 95 = 5. and flevicea o£ this 

than about 99 = 1. B^*"*"^ whlcll the gate oxide- 
Invention are MS deut eriu» containing 
s ilico„ layer contains *«£° n ^ blpolar junction 
bonds. However, ^ purvle w of this invention, 
transistors are "^^ood that the above description 
It is to be understoo restrict ive. Hany 
10 . . — mimtrative and not rest 

is intenaea t» » . will become apparent w. 

nations of the ""J^ ttis closure. For 
rtill in the art upon review ulustrat ed with 

e.a.pie. while the in = has^ it should 

15 regard to specific aell teri« containing 

he clear that a wide variety of £ron the 

COTP ouna. »ay be use d „f the invention 

- ^rrr ^rrj - - - - - 

of equivalents- 
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• du ctor device comprising at least 
1. A SemlC ° nd d an interface between the 
one silicon dioxide layer and ^ silicon 

siU con dioxide layer and a s ^ ^ ^ 

d ioxide layer and the interface ^ ^ si . 

herein the ratio than ra tio of nasally 

« bonds is substantially gr 

to hydro9 

• D Q f claim 1 wherein 
The semiconductor device ^ ^ 

• of Si-OD plus Si-D bonds t:o — - - 
the ratio of Si od p 
is greater than about 95.5. 

of claim 2 wherein 

the ratio of Si-OD plu Si 
is greater than about 99.1- 

f claim 1 wherein 

the silicon surface 
contact of an MOS device. 

•no a gate oxide 
» HOS between the gate 

including .Uicon dioxide » «^ dioxide and «. 
oxia e and . siU- ^^Yonds, herein the ratio of 
interface having ^ ^ Bonds is 

Si-OD Pl« ^ " „ r ™io of naturally oocurr.no 
substantially greater than »*» 
deuterium to hydrogen. 

. , clai» 5 wherein the ratio 

,. The KOS ^ H ^ lus si .„ bonds is ^eater 

n „<= qi-D bonds to si f 
of si-OD plus Si u 



than about 95:5. 



than aw— - 

• of claim 6 wherein the ratio 
7 . T he ^;7; e si °. f 0H Cl ; iuS Si -H bonds is greater 
of Si-OD Plus Si-D bonds to Si 



than about 99-1 
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.. T h6 »0 S d.vi« of OUI- * — i" - .IXic-n 
surf ao* i. on . connive P o ly siU=on „«. contact. 

, TOe MOS aavice of cl»i» » »^ai„ «h. .111— 
sur£ ac G U on a —tin, silicon surface • 

* *=,v„-icatinq a semiconductor 
* one "lucon aicciae layer and . 
^ "LtU an interface wit* « — — 
layer, t*. -^^""aUri- contain^ co»po»„a 

. _ _ .ili rnn Wafer ; and ^ .iii /-.on 

° nW ° " formi „g Si-D bonds at the silxcon - — 

dioxide interface. 

IX- The method of claim 10 wherein the 

« cleaning operation and wherexn the deuterxum 
contacting x. a cleanxng P ^ the 

containing compound xs a cleanx g * 
group consisting of DCl, D 2 S0 4 , CDCl 3 , 

12 . The method of claim 10 further comprising a 
step of forming a gate oxide. 

13 The method of claim 10 wherein the step of 

13. Tne thermal oxidation step, 
contacting ^ compound is heavy water vapor, 
and the deuterxum contaxnxng 

D 2 0- 

14 Th e method of claim 10 wherein the step of 
The me ^ deut erium contaxnxng 

contacting the " lic °" ^ and the de uterium containing 
compound is an annealxng step, 
compound is deuterium gas. 

15 The method of claim 10 wherein the step of 
, n wafer with a deuterium contaxnxng 
contacting the sxlxcon ^ ^ 

compound is a chemxcal vap 
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16. A method of fabricating a silicon 
semiconductor device, the method comprising annealing the 
semiconductor wafer in an annealing atmosphere including 
deuterium. 

5 17. The method of claim 16 wherein the annealing 

atmosphere includes deuterium mole fraction of at least 
about 0.95. 



10 



20 



18. The method of claim 16 wherein the annealing 
atmosphere includes nitrogen. 

19. The method of claim 16 further comprising 
steps of forming a silicon dioxide layer and doping the 

15 semiconductor wafer. 

20. The method of claim 16 wherein the atmosphere 
is substantially free of hydrogen. 

21 A method of cleaning a semiconductor device, 
the method comprising contacting a silicon wafer containing 
at least one silicon dioxide layer with a deuterium 
containing cleaning compound. 

22 The method of claim 21 further comprising the 
steps of doping the silicon wafer and annealing the wafer in 
an atmosphere including deuterium gas. 

23. The method of claim 21 further comprising a 
step of forming a gate oxide. 

24 The method of claim 21 wherein the deuterium 
containing cleaning compound is selected from the group 
consisting of D 2 0, D 2 S0 4 , CDC1 3 , and DC1. 



25 



30 



35 
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